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1

NEGATIVE-RESISTANCE-COMPENSATED
MICROWAVE BUFFER

BACKGROUND OF THE INVENTION

1. Field of the Invention

This mvention relates to microwave buffer circuits,
and in particular to monolithic microwave buffer ampli-
fiers having high input impedances.

2. Description of Related Art

High-input-impedance microwave buffer amplifiers
are particularly useful for coupling cascaded micro-
wave circuits and/or components. When utilized in this
manner, such a buffer amplifier couples an output of a
first microwave circuit or a microwave component
with an mput of a second microwave circuit or compo-
nent to prevent the input from loading down the output.

In monolithic microwave buffer amplifiers, and par-
ticularly in the case of field-effect transistor (FET) or
bipolar transistor stages, the influence of the transistor
input capacitance on the buffer amplifier input impe-

dance becomes increasingly dominant over that of the

transistor input resistance as the operating frequency is
increased above the 3 dB rolloff frequency f345. As used
In this patent application, the term 3 dB rolloff fre-
quency means that frequency at which the gain drops
more than 3 dB below the nominal DC open-loop gain
A of the amplifier. An example of this gain dropoff is
illustrated in FIG. 1. Typically, the input impedance
ZN 1s equivalent to an input resistance R; electrically
connected in parallel with an input capacitance C;. As
the operating frequency of the buffer amplifier is in-
creased above f{3gp, the capacitive reactance i7fC; de-
creases relative to the parallel resistance R; resulting in
a comparable decrease in the magnitude of the input
impedance. An example of this decrease is also illus-
trated in FIG. 1. Note from the example that the magni-
tude of the input impedance Z;x of such a buffer ampli-
fier at the microwave frequency of 1 GHz can be a very
low value, such as 2 ohms. This can severely load the
output of a circuit or a microwave component coupled
to the input. This input characteristic of monolithic
microwave buffer amplifiers typically limits their use-
fulness to situations where the microwave circuits and-
/or components are operated at frequencies below the 3
dB rolloff frequency of the bufier amplifiers.

SUMMARY OF THE INVENTION

It is an object of the invention to provide a monolithic
microwave buffer amplifier having a positive input
impedance which is sufficiently large, even at frequen-
cies above the 3 dB rolloff frequency, to enable practi-
cal operation above that frequency.

It 1s another object of the invention to provide a
monolithic microwave buffer amplifier having an input
impedance in which the dominance of the capacitive
component 1s at least substantially reduced with respect
to the resistive component at frequencies above the 3
dB rolloff frequency.

In accordance with the invention, a monolithic mi-
crowave buffer amplifier includes cascaded first and
second stages, each having an input impedance com-
prising a component which is capacitively reactive
above the 3 dB rolloff frequency . During operation of

the cascaded stages, the capacitively-reactive compo- 65

nents cooperate to produce a 180° phase shift between
the input current and the input voltage, such that these

components appear collectively at the input of the first
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stage as a negative input resistance of value R—. The
buffer amplifier further includes at its input a positive
resistance of magnitude at least equal to the magnitude
of the negative input resistance, to effectively cancel the
negative resistance and provide an effective positive

input resistance of sufficient magnitude to prevent ex-
cessive loading of a circuit or component coupled to the
input.

Thus, in a buffer amplifier in accordance with the
invention the input impedance is increased by substan-
tially decreasing the capacitively reactive component of
the input impedance. Further, by choosing a value of
positive resistance which substantially cancels the nega-
tive input resistance, the resistive component of the
input impedance can actually be increased to a value
higher than that which would exist in a conventional
buffer amplifier.

In a preferred embodiment, the buffer amplifier 1n-
cludes a parallel input resistance of value R, where
1/R=1/Repr+1/R+. The total input impedance of the
buffer amplifier is substantially real and includes as the
real part the input resistance Rjy, where
1/Rin=1/R4+1/R++1/Ref; and where R+ 1s equal to
and substantially cancels the negative input resistance of
value R~. Thus, the resistance R.fcomprises the eftec-
tive input impedance of the buffer amplifier.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a representative graph illustrating the cur-
rent gain vs. frequency characteristic, and the input
impedance vs. frequency characteristic, of a typical
monolithic microwave buffer amplifier.

FIGS. 2A and 2B are schematic illustrations of mono-
lithic microwave buffer amplifiers in accordance with
first and second embodiments of the invention, respec-
tively.

FIG. 3 is a representative graph illustrating the total
input resistance vs. frequency characteristic, and the
negative input resistance vs. frequency characteristic, of
a monolithic microwave buffer amplifier in accordance
with the invention.

FIGS. 4A and 4B are schematic illustrations of mono-
lithic microwave buffer amplifiers in accordance with
third and fourth embodiments of the invention, respec-
tively.

FIG. SA i1s a schematic illustration of a monohthic
microwave buffer amplifier in accordance with a fifth
embodiment of the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 2A illustrates a first embodiment of a buffer
amplifier in accordance with the invention, which in-
cludes two cascaded bipolar-transistor stages. In the
first stage, transistor Q) is electrically connected in an
emitter-follower configuration with resistor R, which
is electrically connected to the emitter. In the second
stage, transistor Q3 is electrically connected in a com-
mon-emitter configuration. The base of transistor Qg is
electrically connected to an input IN of the buffer am-
plifier, and the collector of transistor Q; is electrically
connected to an output OUT of the buffer amphfier.
The buffer amplifier also includes terminals for connec-
tion to supply voltages V+ and V—, one of which is
typically ground potential.
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 The combined ﬁrst and second stages have an mput
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tive mput reSIStanee R;N._- Rgfj of the buffer emphﬁer

capacitance which, at frequenr.:les above f3dB, IS approx-

' _.1mated by:

e i_' Cy -
| !h N ngRI

_Bl

illustrated in FIG. ZA for the value of R calculated
above. Note that, in comparison to FIG. i, the effective.
input resistance Ryyat 107 Hz is approximately trtpled

. At frequenc1es above 108 the effective input resistance

- remains positive and-actually increases until it peaks

: where gml is the transconductanee of the first stage Cr:

‘and C; are the base-to-emitter capamtanees of the tran-

~ sistors Q; and Qa, respectively, and By is the current-

gain factor of transistor- Q1

near the designed 1 GHz operating frequency of the '
buffer amplifier, rather than dropping to the approxi-

- mately 2 ohm magnitude at 1 GHz, as is illustrated in -

10

‘The input capacitance Cyy is- sxgmﬁcantly smaller :

~than the parallel combination of the capacitances C; and
- Cy, because B; and gn1R; are each typically much

o - greater than 1. Much of the capac:ltwe influence on the
~ buffer amphﬁer mput impedance is converted to a nega-
tive input resistance which, at frequencies above the 3

_' dB rolloff frequency, 1S apprommated by

. - (_271'__[)2C1C'3_ |

where f is the operattng frequency |
| Because the value of R~ is negatwe the buffer amph-
~fier would be unstable, if not compensated. However,
by electrically connecting in parallel with the input of
the first stage a res:stance R havmg a value sueh that

R

L (3)
R

FIG. 1. For the FIG. 2B embodiment having the same - '
value of R, the input resistance and negative input resis-
tance curves would be similar, but not identical to those -

- shown in FIG. 3.

15
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FI1G. 4A lllustrates. a thlrd embodlment of a buffer'j o

amplifier in accordance with the invention, which in-

cludes a first blpolar-traHSIStor stage cascaded with a
second capacitive stage. The first stage is substannally =
- .1dentical to the first stage of the first embodiment. The

second stage, however, merely includes a capacitance
of value C’ that is electrically connected to the. output

- of the first stage and to the output OUT of the buffer;'-f |

amplifier. - o
Stmllarly to the ﬁrst embodlment the combmed ﬁrst |
and second stages of the third embodiment have a nega-.
tive, input resistance which, at frequencies above the 3

" dB rolloff frequency, is apprommated by:

30

~ tude of R—, the mput resistance of the buffer amplifier

will be converted to the real, posnwe re31stance of value
. Rgﬂ-

- The total input resistance Ry is equwalent to a paral-
lel combination of the three re31stanees R+ R-‘ and
Reﬂf where: |
] 1 1 B
Rin = Ryr ™ g+ +?

@)

 Because R+=—R—, these two values cancel each
~ other and the above equatlon reduces to:
Ryn=Rgpr &)
'As an example, if R— is equal to —270 ohms at a
 predetermined operating frequency (e.g: 1 GHz), and
‘an effective input resistance Rjy=R¢p== 4230 ohms is

desired at this frequency, the value of the resistance R+

| __would be equal to +270 ohms and the value of parallel
‘resistance R would be equal to apprommately + 1235
ohms, as determined from equation 3. |

F1G. 2B illustrates a second embodtment of a buffer |

~ amplifier in accordance with the invention. This em-
- bodiment is similar to the first, but the resistance R is
electrically connected in series with the input of the first

- stage. In this case:

35

45

 gml (7)
Q7)2C1Cy

where the magnitude of R+ is made equal to the magni- and the 1ttput capamtahee e approelmated by:

o _"'(8).

+'-B1'_

- ] Cy
IN = gmiR

where g1 1s the transconductance of the first stage and
C1 1s the base-to-emitter capacitance of the transistor
Qji. The value of the resistance R is determined by using -
equation 3, as for the first embodiment.

FIG. 4B illustrates a fourth embodlment of a buffer
amplifier in accordance with the invention. This em-
bodiment 1s similar to the third, but with the resistance
R electrically connected in series with the input of the -

- farst stage, as in the second embodiment. Similarly, in

50

this case equation 6 is utlhzed to detenmne the value of
the resistance R. |

FIG. 5A illustrates a ﬁfth embodlment of a buffer_
amplifier in accordance with the invention. This em-
bodiment is similar to the third and fourth, but is an

- example of a buffer amplifier with a FET stage.

In any of the embodunents the resistance R may be -

- constructed by utilizing either passive or active compo-

55

and the value of series resistance R 1s made equal to

+ 500 ohms. Note that, when R is placed in series rather

than parallel, a larger value of R is needed to achieve

the same positive input resistance Ru.

635

FIG. 3 graphically illustrates, as a function of fre-

| queney, the negatwe input remstance R~ and the effec:-

nents. For example, it may be constructed from one or
more passive resistors or from one or more active com-
ponents, such as diodes or transistors having forward-
conducting resistive characteristics that vary with tem- |
perature and/or bias conditions similarly to the resistive
characteristics of the first and/or second stages.
- The capacitance C's in the third and fourth embedt--
ments may also be constructed from either passive or
active components. As an example of an active- -COMpO-
nent construction, C'2 could be the input capacitance ef
a subsequent stage. | |
Other alternative embodlments are also possible

within the scope of the invention. For example, resis-
tance R may be eenstructed from one or more passwe
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and/or active components. As an example of an active
component, resistance R; could be a forward-biased
~diode or transistor junction. Additionally, components
which do not have significant impedances at the operat-
Ing frequencies of the buffer amplifier, such as a DC- 5
blocking capacitor in series with resistance R, may be
included in the buffer amplifier. As another alternative,
the buffer amplifier may be coupled to the supply volt-
ages via active and/or passive components.

We claim:

1. A monolithic microwave buffer amplifier for oper-
ating at frequencies above a predetermined 3 dB rolloff
frequency, said buffer amplifier comprising cascaded
first and second stages, each having an input impedance
including a capacitively-reactive component, said 15
capacitively-reactive components, during operation of
the first and second stages, cooperating to produce a
180° phase shift such that said reactive components
appear collectively at the input of the first stage as a
negative input resistance, said buffer amplifier further
including at its input a positive resistance having a mag-
nitude which at least cancels said negative input resis-
tance.

2. A monolithic microwave buffer amplifier as in
claim 1 where the positive resistance is electrically con-
nected in parallel with the input of the first stage.

3. A monolithic microwave buffer amplifier as in
claim 1 where the positive resistance is electrically con-
nected 1n series with the input of the first stage.

4. A monolithic microwave buffer amplifier as in
claim 1 where the magnitude of the positive resistance is
substantially greater than the magnitude of the negative
input resistance.

S. A monolithic microwave buffer amplifier for oper-
ating at frequencies above a predetermined 3 dB rolloff 35
frequency, said buffer amplifier comprising cascaded
first and second stages, each having an input impedance
Including a capacitively-reactive component, said
capacitively-reactive components, during operation of
the first and second stages, cooperating to produce a 40
180° phase shift such that said reactive components
appear collectively at the input of the first stage as a
negative input resistance of value R—, said buffer ampli-
fier further including, electrically connected in parallel
with the input of the first stage, an input resistance of 45
value R, where 1/R=1/R.r+1/R+, the total input
resistance of the buffer amplifier being substantially
equal to Ryn, where 1/Rjny=1/Regpr+1/R++1/R,
where R+ is approximately equal to and substantially
cancels the negative input resistance of value R—, and 50

where R,/ comprises the effective input resistance of
the buffer amplifier.

6. A monolithic microwave buffer amplifier for oper-
ating at frequencies above a predetermined 3 dB rolloff
frequency, said buffer amplifier comprising cascaded 55
first and second stages, each having an input impedance
including a capacitively-reactive component, said
- capacitively-reactive components, during operation of
the first and second stages, cooperating to produce a
180° phase shift such that said reactive components 60
appear coliectively at the input of the first stage as a
negative input resistance of value R, said buffer ampli-
fier further including, electrically connected in series
with the input of the first stage, an input resistance of
- value R, where R=R s+ R+, the total input resistance 65
of the buffer amplifier being substantially equal to Ry,
where Rjy=Ref+R++R—, where R+ is approxi-
mately equal to and substantially cancels the negative
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input resistance of value R—, and where R.;rcomprises
the effective input resistance of the buffer amplifier.

7. A monolithic microwave buffer amplifier for oper-
ating at frequencies above a predetermined 3 dB rolloff
frequency, said buffer amplifier comprising:

a. a first stage having an iput impedance mncluding a
resistive component and a capacitively-reactive
component;

b. a second stage having an input impedance includ-
Ing a capacitively-reactive component, the input of
said second stage being coupled to an output of the
first stage;

sald capacitively-reactive components, during opera-
tion of the first and second stages, cooperating to
produce a 180° phase shift such that said capaci-
tively-reactive components appear collectively at
the input of the first stage as a negative input resis-
tance of value R—;

c. a resistance of value R electrically connected in
parallel with the input of the first stage, where
1/R=1/Re+1/R7;

the total input resistance of the buffer amplifier being
substantially equal to Ry, where 1Rn=1-
/Refr+-1/R++1/R—, here R+ is approximately
equal to and substantially cancels the negative
input resistance of value R—, and where R /rcom-
prises the effective input resistance of the buffer
amplifier.

8. A monolithic microwave buffer amplifier for oper-
ating at frequencies above a predetermined 3 dB rolloff
frequency, said buffer amplifier comprising;:

a. a first stage having an input impedance including a
resistive component and a capacitively-reactive
component;

b. a second stage having an input impedance includ-
ing a capacitively-reactive component, the input of
said second stage being coupled to an output of the
first stage;

said capacitively-reactive components, during opera-
tion of the first and second stages, cooperating to
produce a 180° phase shift such that said capaci-
tively-reactive components appear collectively at
the input of the first stage as a negative input resis-
tance of value R—:

c. a resistance of value R electrically connected in
series with the mput of the first stage, where
R=Reﬂ' +R+;

the total input resistance of the buffer amplifier being
substantially equal to Ry, where Rjiy=-
Rer+R+ 4+ R—, where R+ is approximately equal
to and substantially cancels the negative input resis-
tance of value R—, and where R,/ comprises the
effective input resistance of the buffer amplifier.

9. A monolithic microwave buffer amplifier as in
clam 1, §, 6, 7, or 8 where the first stage comprises an
amplifier and the second stage comprises an impedance.

10. A monolithic microwave buffer amplifier as in
clam 1, 5, 6, 7, or 8 where the first stage comprises a
transistor.

11. A monolithic microwave buffer amplifier as in
claim 10 where the transistor comprises a FET.

12. A monolithic microwave buffer amplifier as in
ciaim 10 where the transistor comprises a bipolar tran-
sistor.

13. A monolithic microwave buffer amplifier as in
claim 1, §, 6, 7, or 8 where the input impedance of the
buffer amplifier is substantially equal to the input resis-
tance of said buffer amplifier.
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14. A monolithic microwave buffer .ampli'ﬁer as in
‘claim 1, 5, 6, 7, or 8 where the first stage comprises an -

emitter follower cn'c:ult

15. A monolithic microwave buffer amphﬁer as 1 - |
‘claim 14 where the second stage comprlses a common

emitter CII‘Clllt

16. A monohthlc mlcrowave buffer amphﬁer as ln.

claim 14 where the secc:-nd stage compnses a capacmve |
- - - 10

| element

5,424, 686

_ 8 . .
17 A monohthlc microwave buffer ampllﬁer as in
claim 1, 5, 6, 7, or 8 where the second stage comprlses

a common emitter mrcmt

- 18. A monolithic microwave buffer amphfier as in
claim1, 5, 6,7, or 8 where the second stage comprlses.

“a capacitive element.

15

- each lnclude a transmtor

19. A monolithic microwave buffer amphﬁer as in
claim 1, 5, 6, 7 or 8 where the first and second stages
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